In the normally pigmented neonatal cat, many ganglion cells in temporal retina project to the contralateral dorsal lateral geniculate nucleus (LGNd) and medial interlaminar nucleus (MIN). Most of these cells are eliminated during postnatal development.
If one optic tract is sectioned at birth, much of this exuberant projection from the contralateral temporal retina is stabilized (Leventhal et al., 1988b) . To determine how the abnormal projection from the contralateral temporal retina is accommodated in the central visual pathways, neuronal activity was recorded in the visual thalamus and cortex of adult cats whose optic tracts were sectioned as neonates.
The recordings showed that up to 20" of the ipsilateral hemifield is represented in the LGNd and MIN. Recordings from areas 17 and 18 of the intact visual cortex showed that up to 20" of the ipsilateral visual field is also represented and that the ipsilateral representation is organized as in a Boston Siamese cat (Hubel and Wiesel, 1971; Shatz, 1977; Cooper and Blasdel, 1980) or a heterozygous albino cat (Leventhal et al., 1985b) . The extent of the ipsilateral visual field representation was greater in area 18 than in area 17; the extent of the ipsilateral hemifield representation in areas 17 and 18 varied with elevation, increasing with distance from the horizontal meridian. The receptive fields of cells in the LGNd and visual cortex subserving contralateral temporal retina were abnormally large. Otherwise, their receptive field properties seemed normal. In the same animals studied physiologically, HRP was injected into the ipsilateral hemifield representation in the LGNd and MIN of the intact hemisphere.
The topographic distribution of the a and B cells, respectively, labeled by these injections correlated with the elevation-related changes in the ipsilateral visual field representation in areas 18 and 17. Our results indicate that the retinotopic organization of the mature geniculocortical pathway reflects the abnormal pattern of central projections of ganglion cells in neonatally optic tract sectioned cats. Thus, if they do not die, retinal ganglion cells normally eliminated during development are capable of making seemingly normal, functional connections. The finding that an albino-like representation of the ipsilateral hemifield can be induced in the visual cortex of normally pigmented cats suggests that the well-documented defects in the geniculocortical pathways of albinos are secondary to the initial misrouting of ganglion cells at the optic chiasm (Kliot and Shatz, 1985) and not a result of albinism per se.
The various forms of albinism result in abnormalities throughout the visual pathways (Guillery, 1969; Creel, 1971; Guillery and Kaas, 197 1; Hubel and Wiesel, 197 1; Kaas and Guillery, 1973; Shatz, 1977; Stone et al., 1978; Cooper and Pettigrew, 1979b; Cooper and Blasdel, 1980; Leventhal and Creel, 1985; Leventhal et al., 1985b) . The abnormal ipsilateral visual field representation in the Siamese cat appears to result from a misrouting of the axons of many retinal ganglion cells in temporal retina at the optic chiasm early in development (Kliot and Shatz, 1985) .
In the neonatal, normally pigmented cat there is an exuberant projection from the ganglion cells in temporal retina to the contralateral LGNd and MIN (Leventhal et al., 1988a) . Most of these ganglion cells are eliminated through the course of normal development, but sectioning of one optic tract (OTX) in the neonate results in the survival of many of the contralaterally projecting ganglion cells in the temporal retina ipsilateral to the lesion (Leventhal et al., 1988a) . To investigate the functional significance in the geniculocortical pathway of this stabilized exuberant projection, microelectrode recordings were made in the visual thalamus and cortex. Our results indicate that an albino-like abnormal representation of the ipsilateral visual field is established in the geniculocortical pathways consequent to the survival of significant numbers of contralaterally projecting cells in temporal retina of OTX cats.
Materials and Methods
Subjects. Single-unit activity was recorded in normally pigmented adult cats that had one OTX on postnatal day 1 as described in the accompanying paper (Leventhal et al., 1988a) . Control data were available from animals used in previous investigations of normal (Leventhal, 1983; Schall et al., 1986) and hypopigmented (Leventhal and Creel, 1985; Leventhal et al., 1985b) cats. The animals included in this study were also studied anatomically; the results are presented in the accompanying papers (Leventhal et al., 1988a, b) .
Physiological recording procedures, receptive field mapping, electrode tract reconstruction, HRP injections, and histochemistry. All of these procedures have been described in detail elsewhere (Leventhal and Creel, 1985; Schall et al., 1986 ). 
Results
We recorded over 250 single units in the LGNd, MIN, and visual cortical areas 17 and 18 of adult, normally pigmented OTX cats. A quantitative analysis of the distribution of ipsilaterally and contralaterally projecting cells in the retinae of these animals is presented in the accompanying paper (Leventhal et al., 1988a) .
Evidence for an ipsilateral visual field representation in the LGNd Unlike in the LGNd of Siamese cats (Guillery and Kaas, 197 l) , there were no obvious cellular discontinuities in lamina Al of OTX cats. Neuronal activity was recorded in the right LGNd and MIN of normally pigmented cats whose left optic tract was sectioned on postnatal day 1. The receptive fields of LGNd and MIN cells encountered in 4 penetrations in the same coronal plane in one cat are illustrated in Figure 1 . Penetration 4 was the most lateral, and the receptive fields recorded in laminae A, Al, and C were all located in the contralateral hemifield. Penetrations 2 and 3 passed through the medial aspect of the LGNd. The receptive fields encountered dorsally were close to the vertical meridian. More specifically, the receptive fields of unit 1 in penetration 2 and unit 1 in penetration 3 appear to have been lo-2" into ipsilateral hemifield. However, given the lo-2" error in localizing the area centralis projection, we hesitate to conclude that these fields were, in fact, in the ipsilateral hemifield. The receptive fields encountered ventrally in the A laminae in these 2 penetrations extended 10" into the ipsilateral visual field; these units were Y cells, and the azimuths, but not elevations, of their receptive fields were out of register with the receptive fields of the cells recorded immediately above them.
This penetration was typical; we never found a significant amount of the ipsilateral hemifield represented in the dorsal parts of the A laminae. However, in a number of penetrations the receptive fields of Y cells in the bottom of laminae A 1, just above laminae C, extended lo" or more into the ipsilateral hemifield. Finally, penetration 1 passed through the MIN; the receptive fields drifted from lo" in the ipsilateral hemifield dorsally to lo" in the contralateral hemifield ventrally. The receptive fields were very large, and some spanned the midline (Fig. 1) . All MIN cells studied were Y cells.
Following the microelectrode recordings in this cat, HRP was electrophoretically injected into the ipsilateral visual field representation; the resulting injection site included the laminated portion of both the LGNd and the MIN. The o( cells labeled by the injection extended over 17" (about 4 mm) from the vertical meridian in the contralateral temporal retina at elevations 4"-8" (l-2 mm) above the horizontal meridian.' The distribution I Recent evidence (Leventhal et al., 1985b) indicates that "normally" pigmented cats carrying the recessive allele for tyrosinase-negative albinism have an abnormally large number of contralaterally projecting 01 and p cells in temporal retina. These animals also exhibit an abnormal representation of the ipsilateral hemifield in visual cortex. Siamese cats are a form of tyrosinase-positive albino (Guillery, 1986 , for review); the recessive allele for the Siamese abnormality is very common in the "normal" cat population. Thus, it is unclear the extent to which the ipsilateral field representation in the thalamus of "normally" pigmented cats (Kinston et al., 1969; Sanderson, 1971; Lee et al., 1984 ) is due to heterozygote effects; comparisons between the present results and those obtained previously must be made cautiously. A detailed electrophysiological study of the visual thalamus in known homozygous normal, OTX, heterozygote, Siamese, and albino cats is required to determine the precise manner in which the visual field is represented in OTX and hypopigmented animals. All animals included in the present study were raised in our well-established breeding colony; all cats in the colony are homozygous and normally pigmented. The normally pigmented adult cats we have studied from our colony do not have of labeled (Y cells in this cat is shown in Figure 2 . Contralaterally projecting ,6, gl , and g2 cells in temporal retina were also labeled by this injection, as is typical in OTX cats (Leventhal et al., 1988a) . The cells stained most heavily as a result of this injection were concentrated in parts of the contralateral temporal retina in retinotopic correspondence with the receptive fields of the cells recorded (penetrations l-3) at the injection site. Thus, direct retinal input to the LGNd could account for the ipsilateral hemifield representation in the thalamus of this animal.
Organization of ipsilateral visual field representation in the * visual cortex . The ipsilateral visual field representation in the visual cortex was investigated in detail in neonatally optic tract sectioned cats; 29 penetrations into areas 17 and 18 yielded 193 single cells. All of the receptive fields in the ipsilateral hemifield considered in this report were activated through the eye ipsilateral to the optic tract lesion, contralateral to the hemisphere from which the recordings were obtained. The receptive fields mapped through the eye contralateral to the lesion, ipsilateral to the intact hemisphere, were all located in the contralateral hemifield. This result is to be expected since the ipsilateral nasal projection following neonatal optic tract section is not substantial (Jacobs et al., 1984; Leventhal et al., 1988a) . Figure 3 shows the receptive fields of cells encountered in 5 electrode penetrations at the same coronal level into the right hemisphere of a cat whose left optic tract was interrupted neonatally. The receptive fields of cells encountered in the most medial and in the most lateral penetrations represented the contralateral visual field. As the penetrations crossed the border between areas 17 and 18, however, the receptive fields drifted into the ipsilateral visual field. The neurons representing the ipsilateral hemifield appeared to be normally orientation, direction, and velocity selective, and the transition from area 17 to area 18 was reflected in characteristic changes in receptive field size, velocity selectivity, and responsiveness (Orban et al., 1980) . The retinal projections in this animal were abnormal and typical of what is observed in OTX cats. The anatomical results for this animal are included in the accompanying paper (Leventhal et al., 1988a) .
In Figure 4 are shown the receptive fields of 5 electrode penetrations into the right hemisphere of a second cat whose left optic tract was sectioned neonatally. A systematic representation of the ipsilateral visual field is once again evident as penetrations l-3 span the border between areas 17 and 18. Penetrations 2,4, and 5 in this cat passed through the border between areas 17 and 18 at different coronal levels; in each case the ipsilateral visual field was represented.
Comparing the receptive fields observed in penetrations into areas 17 and 18, differences in the degree of ipsilateral representation are evident. Penetration 5 in Figure 4 passed through area 17 and encountered units with receptive fields up to 7" in the ipsilateral hemifield. Penetrations 4 and 5 in Figure 5 passed through area 18 at approximately the same coronal level as penetration 5 in Figure 3 . The receptive fields encountered in area 18 extended up to 15" into the ipsilateral visual field. Thus, Notice that the 01 cells most heavily stained by the injection into the ipsilateral hemifield representation are located in the superior contralateral temporal retina at positions in retinotopic correspondence with the units recorded at the injection sites. Unlike the normal cat (Cooper and Pettigrew, 1979; Illing and Wgssle, 198 1; Leventhal et al., 1988a) , many labeled 01 cells were found as far as 17" (about 4 mm) from the vertical meridian in the temporal retina contralateral to the injection. There were a few lightly labeled cells along the horizontal meridian in this cat. The absence of labeled cells there reflects the fact that our injection was small and located in the anterior portion of the LGNd, where the superior retina is represented. We do not know, therefore, how far into temporal retina along the horizontal meridian contralaterally projecting LY cells actually extended in this animal. a larger ipsilateral visual field representation is established in area 18 than in area 17 of OTX cats. As is typical of OTX cats, this cat had an abnormally large number of contralaterally projecting cells in temporal retina; (Y cells extended further than p cells into the contralateral ternDora retina. The anatomical results for this animal are included in the accompanying paper (Leventhal et al., 1988a animals, the width of the region of nasotemporal overlap is smallest at the central area (horizontal meridian) and increases somewhat at peripheral elevations (see Leventhal et al., 1988a ).
Comparing the receptive fields encountered in penetrations at different coronal levels, it is evident that the maximum ipsilateral azimuth represented varies with elevation from the horizontal meridian. In Figure 5 are shown the receptive fields the ipsilateral hemifield representation reflected the spatial disof 5 electrode penetrations into the right hemisphere of a third tribution of contralaterally projecting ganglion cells in temporal cat whose left optic tract was sectioned neonatally. Besides the retina. This is shown for one cat in Figure 6 . In this animal, systematic representation of the ipsilateral hemifield across the many contralaterally projecting cy cells located near the horiborder between areas 17 and 18, a difference in the extent of zontal meridian extended up to 8" (about 2 mm) into temporal ipsilateral representation with coronal level is evident. Penetraretina. Superior to the horizontal meridian, numerous contrations 4 and 5 were rostra1 to penetrations 2 and 3. The rostra1 laterally projecting cy cells were found up to 17" (about 4 mm) penetrations encountered units subserving the lower visual field into temporal retina. Superimposing the receptive fields of cells with an ipsilateral excursion up to 15". The caudal penetrations recorded in area 18 of this cat upon the retina using retinal encountered units subserving regions near the horizontal melandmarks as a guide (Fig. 6) clearly demonstrates that the ipridian with a maximum ipsilateral azimuth of 8". Also, penesilateral hemifield representation in visual cortex follows the tration 2 was rostra1 to penetration 4 in Figure 3 , and the redistribution of misprojecting ganglion cells. In the other cats in ceptive fields of cells encountered in the more rostra1 penetration which both cortical topography and retinal projections were extended further into the ipsilateral hemifield than those enstudied, the maximum ipsilateral azimuth of the cortical recepcountered in the caudal penetration. The anatomical results for tive fields in areas 17 and 18 was also consistent with the temthis animal are also presented in the accompanying paper (Levporal excursion of the contralaterally projecting @ and (Y cells, enthal et al., 1988a) .
respectively, at corresponding elevations. In all animals in which we observed an elevation-dependent difference in the amount of the ipsilateral hemifield represented, we also observed elevation-related differences in the distribution of contralaterally projecting cells in temporal retina. In all cases
The change in receptive field size with azimuth for cells in area 18 is illustrated in Figure 7A . All of the receptive fields were about 10" below the horizontal meridian. In neonatally optic tract lesioned animals, receptive fields became significantly larger than normal very rapidly as they moved into the ipsilatera1 hemifield. This increase in receptive field size was paralleled by a rapid decrease in the number of o( cells ultimately providing their inputs as shown in Figure 7B . In areas 17 and 18 the receptive fields of the cells subserving the most peripheral parts of the ipsilateral hemifield often contained "hot spots." That is, visual stimulation using small stimuli elicited better responses in some parts of the receptive field than in others. The greatest responses were usually obtained from the parts of the receptive field closest to the vertical meridian. When the receptive fields of the cortical cells studied were superimposed on the retina, these "hot spots" invariably corresponded to the regions "covered" by the greatest density of retinal ganglion cell dendrites.
Discussion
This investigation has demonstrated the experimental induction of an ipsilateral visual field representation in the geniculocortical pathway of normally pigmented, neonatally optic tract sectioned cats. The ipsilateral hemifield representation in the visual cortex was greater than the normal nasotemporal overlap (Hubel and Wiesel, 1965; Tusa et al., 1979) and was systematically organized like that of a Boston Siamese cat (Hubel and Wiesel, 197 1; Shatz, 1977; Cooper and Blasdel, 1980) or an albino hetero- (Leventhal et al., 1988a) . The conventions are as explained in Figure 3 . In this cat, penetrations l-3 were at the same coronal level. The Boston Siamese pattern of ipsilateral visual field representation is evident. Penetrations 2,4, and 5 followed the border between areas 1 I and 18; the ipsilateral visual field representation is evident in each penetration. zygote cat (Leventhal et al., 1985b) . The extent of the ipsilateral visual field representation was greater in area 18 than in area 17 and increased in regions away from the horizontal meridian. The abnormal representation of the ipsilateral visual field in the visual thalamus and cortex could be accounted for by the abnormal distribution of contralaterally projecting ganglion cells in the temporal retinae of the same animals.
Organization of the ipsilateral visual field representation in the geniculocortical pathway In this study we investigated the organization of the ipsilateral visual field representation in the LGNd and MIN of OTX cats. Electrophoretic HRP injections were made following the microelectrode recordings in order to determine the retinal distribution of ganglion cells projecting to the regions studied electrophysiologically. Injections into regions of the LGNd and MIN representing the ipsilateral hemifield labeled cells in retinotopically appropriate regions of the contralateral temporal retina. We did not inject radioactive amino acids into one eye of the same animals, thus, we are unable to localize laminar boundaries definitively. Also, in the present study we chose to emphasize the organization of visual cortex and thus we did not study the organization of the LGNd of OTX cats in enough detail to define its retinotopic organization completely. Nevertheless, given our Figure 5 . Receptive fields of cells encountered in penetrations into the right visual cortex of a third neonatally optic tract sectioned cat. The retinal projections in this animal were also studied anatomically. The results for this cat are included in Figures 6, 8, 9 , and 11 of the accompanying paper (Leventhal et al., 1988a) . A photomicrograph of the contralaterally projecting cells in the temporal retina of this cat is shown in Figure 4 of Leventhal et al. (1988a) . The conventions are as in Figure 3 . Penetrations 4 and 5 encountered cells that subserved the lower visual field; the maximum ipsilateral azimuth was 15". Penetrations l-3 encountered cells that subserved elevations close to the horizontal meridian; the maximum ipsilatera1 azimuth was 8". results, we feel that it is reasonable to conclude that the LGNd contains a sizable representation of the ipsilateral visual field in OTX cats; the cells with receptive fields furthest into the ipsilateral hemifield are Y cells in the lateral portion ofthe MIN, probably lamina 3 (Guillery et al., 1980; Lee et al., 1984) , as well as in the medial portion of lamina Al, close to the border with lamina C (Guillery, 1969) . There is currently no evidence at all for a sizable representation of the ipsilateral hemifield in lamina Al of normal animals similar to the one observed in OTX cats. The retinotopic organization of the lamina Al in OTX cats can, thus, be considered abnormal. On the other hand, in normal cats, most of the receptive fields in layer 3 of the MIN subserve the ipsilateral hemifield (Lee et al., 1984) . Receptive fields of cells in layer 3 extend up to 30" into the ipsilateral hemifield at elevations close to the horizontal meridian (see figs. 10 and 11 in Lee et al., 1984 ; see also Kinston et al., 1969; Sanderson, 1971 ). We did not study the MIN in enough detail to determine whether the ipsilateral hemifield representation is abnormal in OTX cats.2 2 In normal cats, significant numbers of cells projecting contralaterally to the thalamus do not extend more than 1 mm into temporal retina (Cooper and Pettigrew, 1979a; Illing and Wlssle, 198 In normal cats, cy cells provide the major input to the MIN, and o( and p cells provide the only input to the A laminae (Leventhal, 1982; Rowe and Dreher, 1982; Sur and Sherman, 1982; Bowling and Michael, 1984; Leventhal et al., 1985a) . Within the A laminae o( cells (Y cells) tend to terminate more ventrally than p cells (X cells) (Mitzdorfand Singer, 1977; Bowling and Michael, 1984) . In view of the normal distribution of X and Y cells afferents to the LGNd, the present results indicate that, in the different parts of the lateral geniculate nuclear complex in OTX cats, the extent of the ipsilateral representation reflects the extent of the contralateral temporal projection from the specific ganglion cell type providing the major input. We find that, in OTX cats, contralaterally projecting o( cells extend further into temporal retina than do contralaterally projecting p cells; the MIN and ventral portion of lamina A 1, the regions connections between the MIN and these cortical areas have been well documented (Wilson and Cragg, 1967; Heath and Jones, 1972; Maciewicz, 1974; Palmer et al., 1978; Leventhal et al., 1980; Niimi et al., 198 1; Tong et al., 1982; Raczkowski and Rosenquist, 1983) . The superior colliculus, which also normally contains a sizable representation of the ipsilateral hemilield, has been reported to project only to the parvocellular C laminae in normal cats (Torrealba et al., 198 1; Stein et al., 1985) . Thus, at present there is no basis to suggest that tectal afferents are directly involved.
In neonatally OTX cats, on the other hand, numerous contralaterally projecting LY cells extend over4 mm (Lcventhal et al., 1988a) into temporal retina at elevations more than a millimeter from the horizontal meridian. We have shown that these cells project directly to the parts of the LGNd representing the ipsilateral hemifield (Figs. 1, 2) . Hence, direct retinal input can account for the bulk of the ipsilateral hemifield representation in the MIN of the OTX cat but not in the normal cat.
. that normally receive the heaviest Y cell inputs, contain the largest representation of the ipsilateral hemifield.
The present results also indicate that more of the ipsilateral hemifield is represented in area 18 than in area 17 of cats in which the optic tract was sectioned neonatally. The major thalamic input to area 18 is provided by Y cells, and the major thalamic input to area 17 is provided by X cells (Stone and Dreher, 1973; Singer et al., 1975; Tretter et al., 1975; Dreher et al., 1980) . Hence, the large ipsilateral hemifield representation established in the LGNd and MIN by the contralaterally projecting cy cells in temporal retina seems to be preserved in area 1 8.3 The smaller ipsilateral hemifield representation established in the LGNd by the contralaterally projecting /3 cells in temporal retina is preserved in area 17. A similar difference in the ipsilateral hemifield representation in areas 17 and 18 exists in albino cats (Leventhal and Creel, 1985) . Our interpretation of the present results is illustrated schematically in Figure 8 . ' The ipsilateral hemifield representation cannot originate via the corpus callosum in OTX cats since neonatal, unilateral optic tract section deprives the hemisphere contralateral to the recordings of retinal inputs. Mechanisms mediating cell death in mammalian retina During the normal development of cat retina there is a period of naturally occurring cell death during which most retinal ganglion cells are eliminated (Stone et al., 1982; Williams et al., 1985) . The mechanisms underlying this loss of cells, as well as the function of naturally occurring cell death, still require clarification. It is clear from the present study, however, that the cells comprising the exuberant projection from temporal retina to the contralateral LGNd are capable of making essentially normal, functional connections. Thus, it is unlikely that, during normal postnatal development, it is the inherent inability of these retinal ganglion cells to make functional connections that results in their eventual elimination. The competitive interactions in retinorecipient nuclei that mediate cell death in the developing cat retina (discussed in Leventhal et al., 1988a) are likely to occur between the axons of potentially viable cells.
Relation to albinism
The present results have implications for understanding the effects of albinism on the visual pathways. This study provides and 18 of neonatally optic tract sectioned cats, bear a qualitative resemblance to what is observed in the Boston Siamese cat (Hubel and Wiesel, 197 1; Shatz, 1977; Stone et al., 1978; Cooper and Pettigrew, 1979a; Cooper and Blasdel, 1980; Leventhal, 1982) or the albino heterozygote cat (Leventhal et al., 1985b) .
Thus, hypopigmentation is not necessary for an albino-like ipsilateral hemifield representation in visual cortex.
Rather, it appears that whenever a significant contingent of ganglion cells in temporal retina projects contralaterally to the LGNd in the adult, an albino-like representation of the visual field is found in the geniculocortical pathway. This suggests that the abnormal retinotopic organization of the LGNd and areas 17 and 18 commonly associated with the various forms of albinism (reviewed by Guillery, 1986 ) is secondary to the initial misrouting at the optic chiasm (Kliot and Shatz, 1985) in hypopigmented animals and is not a result of albinism per se.
Relations between retinal and cortical topography
There is one noteworthy difference between OTX and hypopigmented cats. The contralaterally projecting ganglion cells in As in Siamese and albino cats, in OTX cats 01 and fi cells from the contralateral temporal retina project to the medial part of lamina Al (Leventhal, 1982) . The extent of the ipsilateral visual field subserved by fi cells is less than that subserved by 01 cells. Consequently, LGNd Y cells subserve more peripheral regions of the ipsilateral hemifield than do LGNd X cells. The LY cells in contralateral temporal retina also project to lamina 3 of the MIN. As in normal cats, MIN Y cells represent a significant portion of the ipsilateral hemifield. At the bottom, a typical coronal section of the visual cortex is illustrated. The ipsilateral visual field representation is located at the border of areas 17 and 18. The ipsilateral hemifield representation is organized like that of a Boston Siamese or heterozygous albino cat. Less of the ipsilateral visual field is represented in area 17 than in area 18. Since fi and LY cells ultimately provide the major inputs to areas 17 and 18, respectively, this difference is hypothesized to reflect the different distributions of contralaterally projecting 0 and LY cells in temporal retina.
the temporal retina of hypopigmented cats are surrounded by ipsilaterally projecting cells, but in OTX animals the contralaterally projecting ganglion cells in temporal retina have no neighbors. In Siamese and heterozygous albino cats, afferents to regions of area 18 subserving the ipsilateral hemifield may come from the thalamus, other cortical areas, or via the corpus callosum. Since, in OTX cats the hemisphere ipsilateral to the section is
